Aneuploidy is prevalent in human preimplantation embryos and is the leading cause 2 8 of pregnancy loss. Many aneuploidies arise during oogenesis, increasing in 2 9 frequency with maternal age. Superimposed on these meiotic aneuploidies are a 3 0 range of errors occurring during early mitotic divisions of the embryo, contributing to 3 1 widespread chromosomal mosaicism. Here we reanalyzed a published dataset 3 2 comprising preimplantation genetic testing for aneuploidy in 24,653 blastomere 3 3 biopsies from day-3 cleavage-stage embryos, as well as 17,051 trophectoderm 3 4
In addition to these less severe aneuploidies, we sought to investigate the origin of 1 7 1 'karyotype-wide' abnormalities that affect many chromosomes simultaneously. These 1 7 2 include so-called 'chaotic' aneuploidies, characterized by seemingly random 1 7 3 chromosome complements (17). We identified 5008 (12.0%) embryo samples 1 7 4 exhibiting patterns of karyotype-wide chromosome abnormalities (arbitrarily defined 1 7 5 as ≥ 10 aneuploid chromosomes), a subset of which could be classified into distinct 1 7 6 categories ( Fig. 1C ; Table 2 ). The proportion of these karyotype-wide abnormalities Among the different categories of karyotype-wide aberrations, digynic triploid and 1 8 2 near-triploid patterns were relatively prevalent (1061 samples or 2.5%; Table 2 ). or 0.25%), potentially indicating that chromosome segregation in triploid cells is not 2 1 4 only a small minority (81 samples) represented among the trophectoderm biopsies. We recently reported that a common (~30% global minor allele frequency) haplotype 2 1 8 spanning PLK4, tagged by the SNP rs2305957, is associated with mitotic error in 2 1 9 human preimplantation embryos (28) . In addition to the overall association with 2 2 0 mitotic-origin aneuploidy, we noted a particularly strong association with complex 2 2 1 errors involving loss of both maternal and paternal homologs (28). As the diploid 2 2 2 tripolar signature observed in our current analysis resembled this pattern, we sought to test whether the maternal genotype association at PLK4 was driven by tripolar 2 2 4 mitosis of diploid cells. Supporting our hypothesis, the per-case frequency of diploid tripolar day-3 2 2 7 blastomere samples was positively associated with the minor (A) allele of rs2305957 (quasi-binomial GLM: OR = 1.42 [95% CI: 1.29 -1.57], P = 1.9 x 10 -12 ) (Fig. 3) . The 2 2 9 magnitude of this association with tripolar mitosis thus exceeds that of the original 2 3 0 association with mitotic error (quasi-binomial GLM: OR = 1.24 [95% CI: 1.18-1.31], 2 3 1 P = 6.0 x 10 -15 ), despite comprising only approximately one-fifth of all putative mitotic 2 3 2 aneuploidies in these samples (1149 vs. 5438 ). Like the originally described 2 3 3 association (28), the effect was additive, with means of 3.5%, 4.7%, and 7.5% diploid 2 3 4 tripolar embryos per patient carrying zero, one, and two copies of the risk allele, 2 3 5 respectively (Fig. 3) . The effect was also constant with maternal age (quasi-binomial 2 3 6 GLM: OR = 0.99, [95% CI: 0.98 -1.01]; Fig. 3C ), consistent with previous results 2 3 7 (28). Because the distributions of diploid tripolar samples per case exhibited 2 3 8 significant inflation of zeros (AIC-corrected Vuong test: Z = -6.61, P = 1.9 x 10 -11 ), we 2 3 9
also fit a hurdle model to the data to account separately for the zero and non-zero 2 4 0 portions of the distribution. The hurdle model supported the association both for the 2 4 1 zero (binomial GLM: OR = 1.41, [95% CI: 1.35 -1.47], P < 1 x 10 -10 ) and non-zero 2 4 2 counts (Poisson GLM: OR = 1.31, [95% CI: 1.26 -1.37], P < 1 x 10 -10 ). Upon excluding all putative diploid tripolar samples from the analysis, we re-tested 2 4 5 the remaining putative mitotic errors for association with rs2305957 genotype. We 2 4 6 observed a modest, but significant association with residual mitotic aneuploidies 2 4 7 (quasi-binomial GLM: OR = 1.12, [95% CI: 1.06 -1.19], P = 1.6 x 10 -4 ), potentially 2 4 8 reflecting our initially strict classification of diploid tripolar samples, which excluded relaxing the criteria to include hypodiploid complements (<42 chromosomes) with co-2 5 2 occurring maternal trisomy (quasi-binomial GLM: OR = 1.16, [95% CI: 1.04 -1.30], P 2 5 3 = 9.5 x 10 -3 ) or paternal trisomy (quasi-binomial GLM: OR = 1.29, [95% CI: 1.09 -2 5 4 1.53], P = 3.6 x 10 -3 ). These results suggest that tripolar mitosis may also occur in 2 5 5 embryos already affected by meiotic or mitotic errors or that additional aneuploidies 2 5 6 may accumulate downstream of tripolar mitosis. Seeking to validate our findings, we took advantage of the fact that embryos from a 2 6 0 subset of IVF cases included in the PGT-A dataset had previously undergone time-2 6 1 lapse imaging by the referring laboratory, with published data demonstrating frequent 2 6 2 multipolar mitosis [27] (Supplementary Material, Videos S1, S2, and S3). These documented by time-lapse to have undergone one or more tripolar mitoses during 2 6 7 the first three cleavage divisions (Fisher's Exact Test: OR = 6.64, [95% CI: 1.34 -2 6 8 37.4], P = 0.0087). The signature was most prevalent among embryos undergoing 2 6 9 tripolar cleavage during the first division (DUC-1) or undergoing multiple tripolar 2 7 0 cleavages (DUC-Plus; Fig. 4A ), indicating that these cleavage phenotypes may 2 7 1 confer a wider distribution of abnormal cells at the time of biopsy. blastocyst biopsy could also be incorporated, as the availability of time-lapse data 2 7 6 from these cases does not depend on embryo survival to the blastocyst stage. This extended the analysis to a total of 58 IVF patients, with a total of 742 embryos aneuploidy of maternal meiotic origin and its association with maternal age. One prominent form of mitotic aneuploidy, termed 'chaotic mosaicism', has been 2 9 4 recognized since early applications of PGT-A (17), but its origins have proven 2 9 5 elusive. Chaotic embryos are characterized by severely aneuploid karyotypes that 2 9 6 vary from cell to cell in a pattern reminiscent of cancer cell lines. Intriguingly, the first 2 9 7 description of this phenomenon by Delhanty et al. noted that "the occurrence of 2 9 8 chaotically dividing embryos was strongly patient-related, i.e. some patients had 2 9 9 'chaotic' embryos in repeated cycles, whereas other patients were completely free of 3 0 0 this type of anomaly" (17). This observation hints at a patient-specific predisposition 3 0 1 to the formation of chaotic embryos, either due to genetic or environmental factors. One hypothesized source of chaotic aneuploidy is the formation of multipolar mitotic 3 0 9 spindles, a phenomenon frequently observed among triploid embryos. We found that 3 1 0 digynic triploidy was common relative to other forms of karyotype-wide abnormality, 3 1 1 affecting 3.0% and 1.9% of day-3 and day-5 embryos, respectively. This is have demonstrated that triploid embryos are predisposed to multipolar cell division, paucity of random triploid tripolar samples agrees with previous reports that digynic 3 2 0 3PN ICSI-derived embryos tend to either remain triploid or self-correct to diploidy 3 2 1 (31,32). Even more prevalent at the cleavage stage (1162 samples or 4.7%) were samples homologs. Based on simulation, we showed that this pattern is consistent with a 3 2 6 model of random tripolar division of a normal diploid complement, with a subset of the hypodiploid PGT-A signature enriched among embryos previously recorded to 3 3 0 have undergone one or more tripolar division. Despite this enrichment, we note that 3 3 1 the time-lapse data were not perfectly predictive of the diploid tripolar signature. This classification, this indicates that as an alternative to random segregation, embryos Notably, we found that diploid tripolar samples were rare at the day-5 blastocyst blastocyst cell population (34). The former interpretation is consistent with previous 3 5 0 studies demonstrating that embryos with complex aneuploidies, including those 3 5 1 deriving from normally fertilized zygotes, tend to arrest at cleavage stages, around 3 5 2 the time of embryonic genome activation (8, 35, 36, 37) . Moreover, previous studies We recently reported that common maternal genetic variants defining a ~600 Kb day 5, suggesting that the aneuploid phenotype impairs embryonic survival. The 3 7 7 association we observed was significant with maternal, but not paternal genotypes, reflecting the fact that prior to embryonic genome activation, mitotic divisions are Altered expression of PLK4 is associated with centrosome amplification, generating 3 8 6 multipolar spindles in human cell lines-a hallmark of several cancers 3 8 7 (41, 42, 43, 44, 45) . Based on this knowledge, we hypothesized that the tripolar mitosis 3 8 8 mechanism operating in cleavage-stage embryos may drive the association between 3 8 9 aneuploidy and PLK4 genotype. Consistent with this hypothesis, the diploid tripolar 3 9 0 signature was strongly associated with maternal genotype at rs2305957-a finding 3 9 1 that we further validated using time-lapse data from 742 embryos and corresponding 3 9 2 genotype data from 58 patients. Together, our results support a causal role of PLK4 3 9 3 in the original association. demonstrating that rates of blastocyst formation are reduced among embryos from 3 9 7 patients carrying the high-risk genotypes of rs2305957. Furthermore, patients 3 9 8 diagnosed with early recurrent miscarriage were found to possess a higher 3 9 9 frequency of the risk allele compared to matched fertile control subjects (46). Our 4 0 0 analysis provides evidence of the molecular mechanism underlying these results, Further research will be necessary to determine the relevance of these findings to are consistent with a model of random segregation of a replicated diploid 4 1 3 complement to each of three daughter cells. Finally, we demonstrated that the 4 1 4 incidence of these tripolar mitoses is patient-specific and significantly correlated with shedding light on tripolar mitosis as an important mechanism contributing to 4 1 8 aneuploidy in preimplantation embryos. Together our results help illuminate the Services, who provided their determination to Natera, Inc. (50), with plots generated using the 'ggplot2' package (51). Density plots ( Fig. 2A IVF cases. To this end, we used KING (53) to infer cases derived from the same 5 0 0 patient based on maternal genotype data. We then summed tripolar and non-tripolar The authors would like to thank Allison Ryan, Milena Banjevic, Matthew Hill, and 5 0 8
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